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ASSESSING THE IMPORTANCE OF COASTAL HABITATS FOR FISHERIES, BIODIVERSITY
AND MARINE RESERVES:  A NEW APPROACH TAKING INTO ACCOUNT HABITAT
MOSAICS
Greg A SkilleterA and Neil R LoneraganB
AMarine and Estuarine Ecology Unit, School of Life Sciences, University of Queensland, Brisbane, Queensland 4072,
Australia.
BCSIRO Division of Marine Research, PO Box 120, Cleveland, Queensland 4163, Australia.
Abstract
Effective management of estuarine and coastal fisheries resources requires detailed information on the
relationships between the habitats being protected and the fisheries dependent on them.  Past research of
nekton has focused on comparisons of abundance and species composition between single habitats (e.g.
mangroves versus seagrass or vegetated versus unvegetated habitats).  These studies have provided
valuable insights into the role of coastal habitats for sustaining fisheries and biodiversity but have not
considered the importance of adjacent habitats to the overall value of an area.  For example, fish are only
able to occupy mangrove forests for a restricted amount of any high tide period.  The nature of the habitats
lower down the shore may be crucial to the overall value of any patch of mangrove for supporting fisheries.
We are taking a new approach to assessing the value of estuarine habitats for fisheries and biodiversity that
considers the spatial arrangement of different habitats within an area  or the mosaic of habitats within the
area.  The scale of the area for study is defined by the life history and biology of the species of interest.  In
addition to estimating the abundance, biomass and community structure of nekton (e.g. fish, crustaceans,
molluscs), the functioning of mosaics will be studied by estimating growth rates and describing the food
webs in different mosaics and the characteristics of the mosaics will be measured.  This approach has the
potential to be extended to allow much better criteria to be developed for the selection of marine reserves by
managers.
Keywords: estuarine habitats, mosaics, spatial arrangement, fisheries, biodiversity, habitat complexity
IMPORTANCE OF ESTUARINE HABITATS
Estuarine systems comprise a large number of
different types of shallow-water habitats,
including seagrasses, mangroves, saltmarshes,
sand and mudflats and rubble banks, that support
diverse communities of plants and animals (e.g.
Hatcher et al. 1989).  The importance of these
nearshore estuarine habitats for the survival and
maintenance of biodiversity (Hockey and Branch
1997; Brailovskaya 1998), fisheries resources (e.g.
Roberts 1995; Kaufman and Dayton 1997; Castilla
and Fernandez 1998; Hastings and Botsford 1999)
and ecosystem services (e.g. Costanza et al. 1997;
Peterson and Lubchenco 1997) has led to an
increasing focus on the need to design and
establish marine reserves and aquatic protected
areas as a tool for conservation and resource
management (e.g. Allison et al. 2002).
From a fisheries perspective, most research has
concentrated on evaluating the relative
importance of vegetated habitats such as
mangroves (e.g. Bell et al. 1984; Hatcher et al. 1989;
Robertson and Blaber 1992; Laegdsgaard and
Johnson 1995, 2001), seagrasses (Orth et al. 1984;
Bell and Pollard 1989; Heck and Crowder 1991;
Edgar and Shaw 1995) and saltmarsh (Odum et al.
1988; Orth and van Montfrans 1990; Heck and
Crowder 1991; Minello and Zimmerman 1992;
Thomas and Connolly 2001).  Other habitats
dominated by structural and topographical relief,
including woody debris (Harmon et al. 1986;
Robertson et al. 1991; Everett and Ruiz 1993), rock
and oyster reef (Lenihan and Peterson 1998;
Harding and Mann 1999; Micheli and Peterson
1999; Lenihan et al. 2001) and rubble (Dumbauld
et al. 1993; Eggleston and Armstrong 1995;
Feldman et al. 1997; Gotceitas et al. 1997) are also
known to play an important role in the
recruitment and survival of commercially
important species.  Unvegetated habitats,
although receiving less attention from a
conservation and management perspective (Hoss
and Thayer 1993), also support diverse
assemblages of finfish and decapod crustaceans
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(Lasiak 1986; Brown and McLachlan 1990; Kailola
et al. 1993; Morrison et al. 2002).
The characteristics of vegetated habitats that are
thought to contribute to their value in supporting
and maintaining fisheries stocks include the
provision of enhanced food supply (often
associated with large levels of primary
production), enhanced survival due to the
provision of refuges from predation and/or
enhanced food supply, and reduced physical
harshness and less turbulence than in other
habitats.  These issues have all been well reviewed
elsewhere (e.g. Orth et al. 1984; Bell and Pollard
1989; Heck and Crowder 1991; Butler and
Jernakoff 1999; Jackson et al. 2001) and will not be
examined in detail here.  Our focus is to draw
attention to the need for a shift in focus in
estuarine fisheries research from an approach that
concentrates on the fauna of individual habitat
types and makes comparisons between single
habitats to one that considers the habitat as part of
a mosaic of interconnected patches within a
broader landscape (or seascape) made up of many
different types of habitat.  At present, there is
almost no information about the importance of
the particular arrangement of the different
patches of habitat within land/seascapes on the
abundance and diversity of finfish and crustacean
communities.
We review the reasons for such a paradigmatic
shift and propose an approach that takes into
account the potential interactions that occur
between different patches of habitat and their use
by biota.  In reviewing the extensive literature that
has examined issues of the relationships between
fisheries and estuarine habitats, we focus mostly
on those studies that provide a mechanistic
understanding of these linkages, rather than those
that are primarily descriptive.  It is these
mechanistic studies that provide key insights into
the reasons why finfish and decapod crustaceans
use key estuarine habitats and therefore how they
might be affected by changes in the spatial
arrangement of the patches within a mosaic.
These studies also provide a basis for determining
the variables that might be considered as
measures of differing levels of habitat quality for
different mosaics.
MOVEMENT AND MIGRATION AMONG
DIFFERENT PATCHES OF HABITAT
Many of the species using estuarine habitats are
highly mobile and move readily between multiple
habitat types regularly over a tidal cycle or during
the course of their life cycle;  however,
surprisingly few studies have attempted to
quantify the specific patterns of movements
among the different patches (Beck et al. 2001;
Morrison et al. 2002).  Access to intertidal
estuarine habitats, such as mangroves, saltmarsh
and seagrass, by nekton is a function of the
geomorphological and tidal characteristics at each
site (Kneib 1997b) and only occurs during a
portion of each tidal cycle:  many species move
into intertidal areas during the flood tide, but
retreat to the shallow subtidal during the ebb flow
(Rozas and Odum 1987; Hettler 1989; Kneib and
Wagner 1994; Lin and Shao 1999; Thomas and
Connolly 2001; but see Kneib 1977a).  For
example, juvenile prawns (Penaeus merguiensis)
move into mangrove forests on high tide, but use
the adjacent banks downshore during the low-tide
period (Robertson 1988; Vance et al. 1996, 2002).
Over longer time periods, some species are found
in different parts of an estuary at different
ontogenetic stages (e.g. Chubb et al. 1981;
Middleton et al. 1992; Worthington et al. 1992;
Gillanders 1997), potentially exposing the animals
to a variety of types of mosaics during their
lifetime if the distribution of habitat types varies
along estuarine gradients (e.g. Hutchings and
Saenger 1987).
Movement between different habitat types on a
daily basis, or during the course of its life cycle,
provides an opportunity for an animal to use
different resources, such as food or shelter, found
in different parts of the mosaic (e.g. Weisberg et al.
1981; Minello and Zimmerman 1983; Boesch and
Turner 1984; Hansson et al. 1995), but it also
potentially exposes it to different predators and
other threats (Saunders et al. 1991).  It is likely that
the value of an intertidal habitat to a species will
be at least partially a function of the nature of the
subtidal habitat into which it must retreat during
low tide.  A mosaic comprising an intertidal area
adjacent to a subtidal habitat that provides a high-
quality refuge (e.g. Rozas and Odum 1987; Sogard
and Able 1991; Everett and Ruiz 1993) may be of
greater overall value than a mosaic where animals
leaving the intertidal with the falling tide are
forced to enter an area that offers no protection
from predators, such as an unvegetated mudflat.
In an elegant study, Irlandi and Crawford (1997)
showed that the common pinfish, Lagodon
rhomboides, was found in greater numbers and
grew faster in intertidal saltmarsh adjacent to
subtidal seagrass than in saltmarsh adjacent to
unvegetated mudflat.  The value of the saltmarsh
habitat was therefore enhanced by the location of
the subtidal high-quality seagrass.  Micheli and
Peterson (1999) found that the proximity of
saltmarsh and oyster reefs affected the survival of
benthic clams on the reefs;  survival of benthic
clams was lower on reefs closer to saltmarsh
because of the greater abundance of the predatory
blue crabs (Callinectes sapidus) that are found in
saltmarsh habitats.  In both cases, the survival of
prey organisms within a mosaic was affected by
the spatial arrangement of the patches of habitat.
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The generality of such responses needs to be
investigated, given the mobility of many groups
using estuarine habitats and the potential for
them to interact with a broad range of habitat
types varying greatly in their relative quality and
value.
USE OF DIFFERENT HABITATS BY FINFISH AND
DECAPOD CRUSTACEANS
A major focus of past research has been on
comparisons of different types of estuarine
habitats in terms of their relative importance to
finfish and decapod crustaceans.  These studies
generally fall into two broad categories:  contrasts
between vegetated and unvegetated habitats (e.g.
mangroves v. mudflats) and contrasts between
different types of vegetated habitats (e.g. seagrass
v. mangroves, or seagrass beds of different
species).
Numerous descriptive and experimental studies
have demonstrated that vegetated habitats
support a greater diversity and abundance of
nekton (fish and decapod crustaceans  sensu
Kneib 1997b), and this has been the basis for the
focus on protection and conservation of such
areas within estuaries.  This general pattern is
usually explained by reference to the importance
of structural complexity in mediating predator
prey interactions.  As the structural complexity of
the habitat increases, the intensity and success of
predation generally declines (e.g. saltmarsh 
Vince et al. 1976; Minello and Zimmerman 1983;
seagrass  Coen et al. 1981; Heck and Thoman
1981; Stoner 1982; Summerson and Peterson 1984;
Leber 1985; Kenyon et al. 1995).  Some studies
have not supported this general paradigm
though, suggesting that more detailed
understanding of the specific links between the
habitats and the biota is needed.  For example,
Thomas and Connolly (2001) found no clear
difference in the assemblage of fish using patches
of saltmarsh and adjacent unvegetated sediments,
and Edgar and Shaw (1995) found that for many
commercial species, seagrass beds were not more
important nursery areas than nearby unvegetated
areas.  Importantly, there are some clear
indications that the use of one habitat is affected
by the proximity to another.  Ferrell and Bell
(1991) and Jenkins and Hamer (2001) found that
the number of fish that occurred in unvegetated
areas was tightly linked to the proximity of those
sites to nearby patches of seagrass, suggesting
that factors affecting one part of a mosaic would
also influence the dynamics in the other patches
(see also Heck and Thoman 1984; Shaw and
Jenkins 1992).
Fewer studies have specifically contrasted
different types of vegetated habitat (reviewed by
Jackson et al. 2001).  Robertson and Duke (1987)
and Laegdsgaard and Johnson (1995) compared
the abundance of nekton in mangrove and
seagrass habitats, and in general found that the
mangroves supported greater densities of fish
than seagrass.  Similarly, Sogard and Able (1991)
compared the abundance of nekton in seagrass
and saltmarsh creeks and found similar results.
Irrespective of whether such patterns are true
across a broader range of geographic areas and
times, an important unaddressed question relates
to how use of intertidal mangrove (or saltmarsh)
areas is affected by the nature of the adjacent
habitats into which nekton must migrate at low
tide (Laegdsgaard and Johnson 1995).  Areas of
high-quality mangrove, available for only a small
proportion of any tidal cycle, may vary in their
value as a nursery (sensu Beck et al. 2001)
depending on the nature of the subtidal habitats
in which the animals spend the majority of their
time (Irlandi and Crawford 1997; Jenkins et al.
1997).
Within the broad category of studies contrasting
different types of vegetated habitats, important
information on the features that determine the
relative value of an estuarine habitat has also been
obtained through comparisons of seagrass beds
composed of species with different morphological
characteristics.  Factors such as leaf length
(canopy height above the substratum), blade
width and blade density have all been shown to
influence the composition of the nekton
community that uses seagrass beds (e.g. Stoner
and Lewis 1985; Bell and Westoby 1986a, 1986b,
1986c; Middleton et al. 1984; Worthington et al.
1992; Kenyon et al. 1995; Gotceitas et al. 1997;
Loneragan et al. 1998, 2001).  Features providing
structural complexity within mangroves, such as
the density of pneumatophores and prop roots,
have also been linked with differences in
community composition of nekton (e.g. Thayer et
al. 1987; Blaber et al. 1995; Laegdsgaard and
Johnson 2001).  Again, these patterns have mostly
been explained in relation to the role of structural
complexity and the effects on predatorprey
interactions (see references above), although there
is some debate as to whether the role of predation
is a proximal or indirect control on abundance
(see Bell and Westoby 1986a).  Given that different
seagrass beds consist of a mosaic of patches of
different sizes and shapes, interspersed with
unvegetated corridors (Irlandi 1994, 1996),
variation in these structural characteristics of the
seagrass would suggest that the overall quality of
a habitat mosaic that included mangroves and
seagrass could vary considerably at different
spatial scales.  Experimental studies,
manipulating levels of structural complexity with
associated effects on other measures of habitat
quality, have confirmed that these factors strongly
influence the value of a patch for supporting
HABITAT MOSAICS AND MARINE RESERVES
243
nekton communities but these studies have all
focussed on within-habitat type comparisons.  No
studies in marine or estuarine environments have
examined the interactions between habitats or
how the composition and spatial arrangement of
different types of patch affect the way mosaics are
used by organisms.  The evidence suggests
strongly that the presence of different types of
patch in an estuarine mosaic will change the
overall value of that mosaic because of the
different resources that are provided.
SPATIAL ARRANGEMENT OF PATCHES IN A
MOSAIC
The size and spatial arrangement of a patch of
habitat may also influence its value to the animals
that are using it.  Irlandi et al. (1995) showed that
survival of juvenile bay scallops (Argopecten
irradians) declined in beds of seagrass that were
very patchy (22% vegetation) compared with
patchy (70% cover) or continuous (97%) cover,
and that these effects were not due to variation in
characteristics of the vegetation such as density,
blade length or biomass.  They attributed these
results to greater access of predators to prey in
very patchy areas because of increased edge-to-
interior ratios compared with the more
continuous beds.  The unvegetated areas within
the seagrass bed essentially act as corridors for
movement of predators, enhancing their
effectiveness at locating and acquiring prey (see
also Micheli and Peterson 1999).  Similarly,
growth and survival of another commercial
bivalve, Mercenaria mercenaria, was also
significantly affected by the size of seagrass patch
(Irlandi 1996, 1997).  Bowden et al. (2001) found
that patch size significantly affected the
composition of infaunal assemblages in seagrass,
although spatial variation at the regional level
was relatively more important in determining the
differences among seagrass beds.  These novel
approaches need to be applied in studies on more
mobile fauna, such as the nekton that use
estuarine mosaics.
A NEW APPROACH  EVALUATING HABITAT
MOSAICS FOR FISHERIES AND DIVERSITY
Stage 1:  Large-scale GIS mapping of mosaics
The consequences to fisheries from the large-scale
loss of and damage to estuarine habitats (e.g.
Naylor et al. 2000; Jackson et al. 2001) is now well
recognised and has focused attention on the need
for the establishment of marine protected areas
and reserves (Margules and Nichols 1988; McNeill
1994; Kelleher et al. 1995).  In many cases, specific
types of habitats (e.g. mangroves) are protected
from development and/or loss (Valiela et al. 2001)
but this does not take into account deterioration of
adjacent patches of habitat that may not receive
the same level of protection.  The ecological
significance of the spatial arrangement of the
different patches within a mosaic and the
interactions across boundaries between patches
has been well explored in terrestrial environments
(e.g. Wiens et al. 1985; Hansson and de Castri
1992) but is only now being investigated for
marine and estuarine systems (Irlandi 1994, 1996;
Robbins and Bell 1994; Irlandi and Crawford 1997;
Brooks and Bell 2001).
The basis of our approach here is to incorporate
information on the spatial arrangement, structure
and condition of the patches of different habitat
within a mosaic, rather than focusing just on
individual types of habitats.  This allows us to
address the issue of whether deteriorating quality
of any particular patch of habitat affects the value
to fisheries of adjacent elements within the
mosaic.  Using this approach, we are able to ask
whether the loss of or damage to a subtidal
seagrass bed may have consequences for the value
of a patch of intertidal mangrove, even when the
latter is protected within a reserve and/or is
relatively undisturbed.  Answers to such
questions will allow a more focused approach to
deciding which combinations of habitat types are
best protected within a region, given that the total
area to be included within a reserve system will
be limited.
Our approach is to measure and quantify the
spatial extent and arrangement of the different
habitats within an estuarine area, drawing on
techniques and methods developed for terrestrial
landscape ecology (e.g. Forman and Godron 1986;
Turner 1989; Turner and Gardner 1991).  Spatial-
pattern metrics are used to describe the
characteristics of the patches of different habitat
based on their extent and configuration within the
mosaics.  The metrics being used include area
metrics (e.g. total area of habitat patch), edge
metrics (e.g. patch perimeter) and connectivity
metrics (e.g. nearest neighbour, proximity and
fragmentation).  Data on wetland distribution in
south-east Queensland are being obtained from a
variety of sources.  Detailed methodology on the
analysis and interpretation of the data can found
in Manson et al. (2003).
An important component of the analysis of the
spatial mapping information is the change-
detection analysis on the distribution and
arrangement of different mosaics through time.
These analyses provide us with a measure of how
much the distribution of a particular type of
mosaic has changed through time and, more
importantly, which mosaics have been
interchanged in any area.  This then provides a
basis for considering the implications of any
differences in the relative value to fisheries and
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biodiversity of the different mosaics and also
provides a means of evaluating the effects of
large-scale habitat fragmentation and loss within
estuarine systems.
Stage 2:  Measures of structural complexity for
habitat mosaics
Given the demonstrated importance of
characteristics of habitats that provide structural
complexity (see above), the differentiation and
categorisation of different mosaics is based on the
quantitative analysis of these measures for each of
the patches within the mosaic.  Detailed mapping
and measurement of the physical characteristics of
each of the patches or elements within each
mosaic (Table 1) will be done to define whether
each element could be considered as a high-,
medium- or low-quality patch.  Multivariate
analysis of these physical data (e.g. nMDS 
Clarke 1993 and Canonical Correspondence
Analysis  ter Braak 1987) is used to differentiate
between patches of differing quality.  The core
hypotheses being examined are about whether the
use of these different patches is affected by the
nature of the adjacent elements within the mosaic.
Thus, the following three mosaics might be
chosen for comparison:  high quality for both
mangroves and seagrass (i.e. multiple sites of
high-quality mangroves with dense seagrass
lower down the shore), high-quality mangroves
and low-quality seagrass (multiple sites of high-
quality mangroves with sparse seagrass lower
down the shore) and low-quality mangroves and
high-quality seagrass (multiple sites with low-
quality mangroves and dense seagrass lower on
the shore).  A range of potentially suitable sites
will be selected from the GIS database, followed
by detailed ground-truthing of the physical
characteristics of the patches within the mosaics.
Stage 3:  Sampling of fish and decapods
Continuing the above example, sampling the
nekton in the mangrove component of the mosaic
would examine whether use of this habitat type
varies as a function of the nature of the
downshore habitat (high- or low-quality
seagrass).  Thus, multiple sites containing
mangroves of similar quality would be sampled
and compared on the basis of the nature of the
adjacent habitats.  It is important to note that this
approach avoids the problem of trying to make
direct comparisons of abundance and community
composition between different habitat types (e.g.
mangroves v. seagrass) when the methods
required to sample within those habitats usually
vary (e.g. Robertson and Duke 1987; Laegdsgaard
and Johnson 1995).  The specific comparisons are
all, initially at least, based on an examination of
whether use varies within a particular patch-type
 each patch of mangroves is sampled using the
same methods and experimental design.
Conversely, using the same data set, we are also
able to examine whether use of the seagrass
habitat varies as a function of the quality of the
upshore mangroves.  Choosing a range of mosaics
that include patches of habitat along a gradient of
relative quality enhances our capacity to
determine whether the composition and spatial
arrangement of the elements affects use of the
mosaic by the nekton.
This approach allows the specific methods and
experimental design for sampling the nekton to be
optimised for each of the habitat types within the
mosaic and, where necessary, multiple methods to
be employed in order to obtain the best estimates
of community composition using the elements of
the mosaic.  A combination of methods has been
chosen to sample the different elements of the
mosaic, including: fyke nets (e.g. Lin and Shao
1999), stake nets (e.g. Vance et al. 1996, 2002) and
pop nets (e.g. Connolly 1994; Thomas and
Connolly 2001) for within the mangroves; two
different sizes of seine nets (e.g. Hindell et al.
2000) and pop nets for intertidal unvegetated and
seagrass areas; and seine nets and a small otter
trawl (e.g. Peterson and Skilleter 1994) for
subtidal habitats.
The design for the sampling program incorporates
multiple spatial scales including comparisons
between two regions in Moreton Bay (western 
heavily urbanised, eastern  relatively pristine),
between two separate coastal embayments in
south-east Queensland (Moreton Bay and Hervey
Bay) and different proximity to the shoreline
(mosaics along the edge of the estuary v. those
existing as isolated banks and islands within the
embayments).  Sampling will be done in
spring/summer and winter of two successive
years to test whether the different mosaics are
used in the same way by different species and
different ontogenetic stages of the same species.
During different times of the year, depending on
when particular species are recruiting, the nekton
communities in some mosaics are likely to be
dominated by new recruits, whereas at other
times of the year the fauna will be dominated by
larger individuals, possibly from several different
year-classes, or different species (Connolly et al.
1999).
FUNCTIONAL VALUE OF DIFFERENT MOSAICS
In response to the challenges posed by Beck et al.
(2001), we recognise that measures of abundance
alone are not a good indication of the relative
value of an estuarine habitat, or of patches of
habitat within a mosaic, and we have therefore
explicitly included in this study measures of the
ecological function (ONeill et al. 1992;
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Fairweather 1999) provided by different mosaics.
Trophic structure and predatorprey interactions
represent important attributes of the functional
aspects provided by habitats, and these may vary
in response to changes in the spatial arrangement
and structural complexity of the mosaics and the
fauna that are using them.  The growth and
survival of abundant species in different mosaics
also provide an indication of overall habitat
quality and function, and hence will be measured
to provide other indices of the ecological
functioning of a mosaic.
CONCLUSIONS
Previous detailed studies have provided much
information on the value of single aquatic habitats
and their use by a variety of nekton species.
However, in general these studies have not taken
into account the location of the habitat and the
spatial arrangement of adjacent habitats in the
area.  The approach we shall be taking involves
the following:  broad-scale mapping of estuarine
and shallow marine coastal habitats; identifying
the different broad categories of mosaics within
the region and measuring the characteristics of the
mosaic; and sampling the fauna within different
mosaics to investigate whether the abundance and
distribution of fauna varies between mosaics and
investigate whether ecological function varies
between mosaics.  This approach builds on
previous studies with a single habitat focus and
hence provides more comprehensive information
to managers for improving the design of
protected areas in estuarine and shallow coastal
waters.
ACKNOWLEDGEMENTS
The development of the conceptual framework for
this study greatly benefited from discussions with
Tansy Boggon, Rod Connolly, Fiona Manson,
Daryl McPhee and Dave Vance.  We are also
grateful for financial support from the Fisheries
Research and Development Corporation of
Australia (FRDC).
REFERENCES
Allison, G W, Gaines, S D, Lubchenco, J, and
Possingham, H P (2002). Ensuring persistence
of marine reserves: catastrophes require
adopting an insurance factor. Ecol. Appl. (in
press).
Bell, J D, and Pollard, D A (1989). Ecology of fish
assemblages and fisheries associated with
seagrasses. In: Larkum, A W D, McComb, A J,
and Shepherd, S A (eds.) Biology of
Seagrasses: A Treatise on the Biology of
Seagrasses with Special Reference to the
Australian Region. pp.565-609. Amsterdam,
Elsevier Science Publishers.
Bell, J D, Pollard, D A, Burchmore, J J, Pease, B C,
and Middleton, M J (1984). Structure of a fish
community in a temperate tidal mangrove
creek in Botany Bay, New South Wales.
Aust.J.Mar.Freshw.Res  35, 33-46.
Bell, J D. and Westoby, M (1986a). Abundance of
macrofauna in dense seagrass is due to habitat
preference, not predation. Oecologia 68, 205-
209.
Bell, J D, and Westoby, M (1986b). Importance of
local changes in leaf height and density to fish
and decapods associated with seagrasses.
J.Exp.Mar.Biol.Ecol. 104, 249-274.
Bell, J D, and Westoby, M (1986c). Variation in
seagrass height and density over a wide
spatial scale: effects on fish and decapods.
J.Exp.Mar.Biol.Ecol. 104, 275-295.
Blaber, S J M, Brewer, D T, and Salini, J P (1995).
Comparisons of fish communities of tropical
estuarine and inshore habitats in the Gulf of
Carpentaria, northern Australia. In: Dyer, K R,
and Orth, R J (eds.). Changes in Fluxes in
Estuaries. pp.363-372. Fredensborg, Denmark,
Olsen & Olsen.
Boesch, D F, and Turner, R E (1984). Dependence
of fishery species on salt marshes: the role of
food and refuge.  Estuaries  7, 460-468
Brailovskaya T (1998)  Obstacles to protecting
marine biodiversity through marine
wilderness preservation: Examples from the
New England region. Conserv.Biol. 12, 1236-
1240.
Brooks, R A, and Bell, S S (2001). Mobile corridors
in marine landscapes: enhancement of faunal
exchange at seagrass/sand ecotones. J. Exp.
Mar. Biol. Ecol. 264, 67-84.
Brown, A C, and McLachlan, A (1990). Ecology of
sandy shores. Amsterdam: Elsevier.
Butler, A J, and Jernakoff, P (1999). Seagrass in
Australia: Strategic Review and Development
of an R and D Plan. Collingwood, Victoria:
CSIRO Publishing.
Castilla, J C, and Fernandez, M (1998). Small-scale
benthic fisheries in Chile: On co-management
and sustainable use of benthic invertebrates.
Ecol. Appl. 8, S124-S132.
Chubb, C F, Potter, I C, Grant, C J, Lenanton, R C
J, and Wallace, J (1981). Age structure, growth
rates and movements of sea mullet, Mugil
cephalus, and yellow-eyed mullet, Aldrichetta
forsteri (Valenciennes), in the Swan-Avon river
G. A. Skilleter and N. R. Loneragan
246
system, Western Australia. Aust. J. Mar.
Freshw. Res. 32, 605-628.
Clarke, K R (1993). Non-parametric multivariate
analyses of changes in community structure.
Aust.J.Ecol. 18, 117-143.
Coen, L D, Heck, K L, and Abele, L G (1981).
Experiments on competition and predation
among shrimps of seagrass meadows. Ecology
62, 1484-1493.
Connolly, R M (1994). Comparison of fish catches
from a buoyant prop net and a beach seine net
in a shallow seagrass habitat. Mar. Ecol. Prog.
Ser. 109, 305-309.
Connolly, R, Jenkins, G, and Loneragan, N (1999).
Seagrass dynamics and fisheries
sustainability.  In: Butler, A J, and Jernakoff, P
(eds.) Seagrass in Australia: Strategic Review
and Development of an R and D Plan. pp.25-
64. Collingwood, Victoria: CSIRO Publishing.
Costanza. R, d'Arge, R, de Groot, R, Farber, S,
Grasso, S, Hannon, B, Limburg, K, Naeem, S,
O'Neill, R V, Paruelo, J, Raskin, R G, Sutton, P,
and van den Belt, M (1997). The value of the
world's ecosystem services and natural
capital. Nature 387, 253-260.
Dumbauld, B R, Armstrong, D A, and McDonald,
T L (1993). Use of oyster shell to enhance
intertidal habitat and mitigate loss of
Dungeness crab (Cancer magister) caused by
dredging.  Can.J.Fish.Aquat.Sci. 50, 381-390.
Edgar, G J, and Shaw, C (1995). The production
and trophic ecology of shallow-water fish
assemblages in southern Australia. 1. Species
richness, size-structure and production of
fishes in Western Port, Victoria. J.Exp.Mar.Biol.
Ecol. 194, 53-81.
Everett, R A, and Ruiz, G M (1993). Coarse woody
debris as a refuge from predation in aquatic
communities - an experimental test. Oecologia
93, 475-486.
Feldman, K L, Armstrong, D A, Eggleston, D B,
and Dumbauld, B R (1997). Effects of substrate
selection and post-settlement survival on
recruitment success of the thalassinidean
shrimp Neotrypaea californiensis to intertidal
shell and mud habitats. Mar.Ecol.Prog.Ser. 150,
121-136.
Ferrell, D J, and Bell, J D (1991). Differences
among assemblages of fish associated with
Zostera capricorni and bare sand over a large
spatial scale. Mar.Ecol.Prog.Ser. 72, 15-24.
Forman, R T T. and Godron. M (1986). Landscape
Ecology. New York, John Wiley.
Gillanders, B M (1997). Patterns of abundance and
size structure of the blue groper, Achoerodus
viridis (Pisces, Labridae): evidence of links
between estuaries and coastal reefs.
Env.Biol.Fish. 49, 153-173.
Gotceitas, V, Fraser, S, and Brown, J A (1997).Use
of eelgrass beds (Zostera marina) by juvenile
Atlantic cod (Gadus morhua). Can. J. Fish.
Aquat. Sci. 54, 1306-1319.
Hansen, A J, and di Castri, F (1992). Landscape
Boundaries: Consequences for Biotic Diversity
and Ecological Flows. New York, Springer-
Verlag.
Harding, J M, and Mann, R (1999). Fish species
richness in relation to restored oyster reefs,
Piankatank river, Virginia. Bull.Mar.Sci. 65,
289-299.
Micheli, F, and Peterson, C H (1999). Estuarine
vegetated habitats as corridors for predator
movements. Conserv.Biol. 13, 869-881.
Harmon, M E, Franklin, J F, Swanson, F J, Sollins,
P, Gregory, S V, Lattin, J D, Anderson, N H,
Cline, S P, Aumen, N G, Sedell, J R,
Liekaemper, G W, Cromack, K J, and
Cummins, K W (1986). Ecology of coarse
woody debris in temperate ecosystems. In:
MacFadyen, A and Ford, E D (eds.)
Advan.Ecol.Res. pp.133-302. New York,
Academic Press.
Hastings, A, and Botsford, L W (1999).
Equivalence in yield from marine reserves and
traditional fisheries management. Science 284,
1537-1538.
Hatcher, B G, Johannes, R E, and Robertson, A I
(1989). Review of research relevant to the
conservation of shallow tropical marine
ecosystems. Oceanogr.Mar.Biol.Annu.Rev. 27,
337-414.
Heck, K L, and Crowder, L B (1991). Habitat
structure and predator-prey interactions in
vegetated aquatic systems. In: Bell, S S,
McCoy, E D, and Mushinsky, H R (eds.)
Habitat structure: The physical arrangement
of objects in space, pp.281-299. New York,
Chapman and Hall.
Heck, K L, and Thoman, T A (1981). Experiments
on predator-prey interactions in vegetated
aquatic habitats. J.Exp.Mar.Biol.Ecol. 53, 573-
596.
Hettler, W F (1989). Nekton use of regularly-
flooded saltmarsh cordgrass habitat in North
Carolina, USA. Mar.Ecol.Prog.Ser. 56, 111-118.
Hindell, J S, Jenkins, G P, and Keough, M J (2000).
Variability in abundances of fishes associated
HABITAT MOSAICS AND MARINE RESERVES
247
with seagrass habitats in relation to diets of
predatory fishes. Mar.Biol. 136, 725-737.
Hockey, P A R, and Branch, G M (1997). Criteria,
objectives and methodology for evaluating
marine protected areas in South Africa.
S.Afr.J.Mar.Sci. 18, 369-383.
Hoss, D E, and Thayer, G W (1993). The
importance of habitat to the early life history
of estuarine-dependent fishes. Amer. Fish. Soc.
Symp. 14, 147-158.
Irlandi, E A (1994). Large- and small-scale effects
of habitat structure on rates of predation:
how seagrass landscapes influence rates of
predation and siphon nipping on an infaunal
bivalve. Oecologia 98, 176-183.
Irlandi, E A (1996). The effects of seagrass patch
size and energy regime on growth of a
suspension-feeding bivalve. J.Mar.Res. 54, 161-
185.
Irlandi, E A, and Crawford, M K (1997). Habitat
linkages: The effects of intertidal saltmarshes
and adjacent subtidal habitats on abundance,
movement, and growth of an estuarine fish.
Oecologia 110, 222-230.
Jackson, E L, Rowden, A A, Attrill, M J, Bossey, S
J, and Jones, M B (2001). The importance of
seagrass beds as a habitat for fishery species.
Oceanogr.Mar.Biol.Annu.Rev. 39, 269-303.
Jackson, J B C, Kirby, M X, Berger, W H, Bjorndal,
K A, Botsford, L W, Bourque, B J, Bradbury, R
H, Cooke, R, Erlandson, J, Estes, J A, Hughes,
T P, Kidwell, S, Lange, C B, Lenihan, H S,
Pandolfi, J M, Peterson, C H, Steneck, R S,
Tegner, M J, and Warner, R R (2001).
Historical overfishing and the recent collapse
of coastal ecosystems. Science 293, 629-638.
Jenkins, G P, and Hamer, P A (2001). Spatial
variation in the use of seagrass and
unvegetated habitats by post-settlement King
George whiting (Percoidea: Sillaginidae) in
relation to meiofaunal distribution and
macrophyte structure. Mar.Ecol.Prog.Ser. 224,
219-229.
Jenkins, G P, May, H M A, Wheatley, M J, and
Holloway, M G (1997). Comparison of fish
assemblages associated with seagrass and
adjacent unvegetated habitats of Port Phillip
Bay and Corner Inlet, Victoria, Australia, with
emphasis on commercial species. Est.Coast.
Shelf Sci. 44, 569-588.
Kailola, P J, Williams, M J, Stewart, P C, Reichelt,
R E, McNee, A, and Grieve, C (1993).
Australian Fisheries Resources. Canberra,
Australia, Bureau of Resource Sciences and
Fisheries Research and Development
Corporation.
Kelleher, G, Bleakley, C, and Wells, S C (1995). A
global representative system of marine
protected areas: Antarctic, Artic,
Mediterranean, Northwest Atlantic and Baltic,
Washington, DC. The International Bank for
Reconstruction, The World Bank.
Kenyon, R A, Loneragan, N R, and Hughes, J M
(1995). Habitat type and light affect sheltering
behaviour of juvenile tiger prawns (Penaeus
esculentus Haswell) and success rates of their
fish predators. J.Exp.Mar.Biol.Ecol. 192, 87-105.
Kneib, R T (1997a). Early life stages of resident
nekton in intertidal marshes. Estuaries 20, 214-
230.
Kneib, R T (1997b). The role of tidal marshes in
the ecology of estuarine nekton. Oceanogr.
Mar. Biol Annu. Rev. 35, 163-220.
Kneib, R T, and Wagner, S L (1994). Nekton use of
vegetated marsh habitats at different stages of
tidal inundation. Mar.Ecol.Prog.Ser. 106, 227-
238.
Laegdsgaard, P, and Johnson, C R (1995).
Mangrove habitats as nurseries: unique
assemblages of juvenile fish in subtropical
mangroves in eastern Australia. Mar. Ecol.
Prog. Ser. 126, 67-81.
Laegdsgaard, P, and Johnson, C R (2001). Why do
fish utilise mangrove habitats?
J.Exp.Mar.Biol.Ecol. 257, 229-253.
Lasiak, T A (1986). Juveniles, food and the surf
zone habitat: implications for teleost nursery
areas. S.Afr.J.Zool. 21, 51-56.
Leber, K M (1985). The influence of predatory
decapods, refuge, and microhabitat selection
on seagrass communities. Ecology 66, 1951-
1964.
Lenihan, H S (1999). Physical-biological coupling
on oyster reefs: How habitat structure
influences individual performance. Ecol.
Monogr. 69, 251-275.
Lenihan, H S, and Peterson, C H (1998). How
habitat degradation through fishery
disturbance enhances impacts of hypoxia on
oyster reefs. Ecol. Appl. 8, 128-140.
Lenihan, H S, Peterson, C H, Byers, J E,
Grabowski, J H, Thayer, G W, and Colby, D R
(2001). Cascading of habitat degradation:
oyster reefs invaded by refugee fishes
escaping stress. Ecol.Appl. 11, 764-782.
Loneragan, N R, and Bunn, S E (1999). River flows
and estuarine ecosystems: implications for
coastal fisheries from a review and a case
G. A. Skilleter and N. R. Loneragan
248
study of the Logan River, southeastern
Queensland. Aust.J.Ecol. 24, 431-440.
Loneragan, N R, Kenyon, R A, Staples, D J, Poiner,
I R, and Conacher, C A (1998). The influence
of seagrass type on the distribution and
abundance of postlarval and juvenile tiger
prawns (Penaeus esculentus and P. semisulcatus)
in the western Gulf of Carpentaria, Australia.
J.Exp.Mar.Biol.Ecol. 228, 175-195.
Loneragan, N R, Heales, D S, Haywood, M D E,
Kenyon, R A, Pendrey, R C, and Vance, D J
(2001). Estimating the carrying capacity of
seagrass for juvenile tiger prawns (Penaeus
semisulcatus): enclose experiments in high and
low biomass seagrass beds. Mar.Biol. 139, 343-
354.
Manson, F J, Loneragan, N R, and Phinn, S R
(2003). Spatial and temporal variation in
distribution of mangroves in Moreton Bay,
subtropical Australia: a comparison of pattern
metrics and change detection analyses based
on aerial photographs. Est.Coast. Shelf Sci. 57,
653-666.
Margules, C R, and Nicholls, A O (1988). Selecting
networks of reserves to maximise biological
diversity. Biol.Conserv. 43, 63-76.
McNeill, S E (1994). The selection and design of
marine protected areas: Australia as a case
study.  Biodiversity and Conservation 3, 586-605.
Middleton, M J, Bell, J D, Burchmore, J J, Pollard,
D A, and Pease, B C (1984). Structural
differences in the fish communities of Zostera
capricorni and Posidonia australis seagrass
meadows in Botany Bay, New South Wales.
Aquat.Bot. 18, 89-109.
Minello, T J, and Zimmerman, R J (1983). Fish
predation on juvenile brown shrimp, Penaeus
aztecus Ives:  the effect of simulated Spartina
structure on predation rates. J. Exp. Mar. Biol.
Ecol. 72, 211-231.
Minello, T J, and Zimmerman, R J (1992).
Utilization of natural and transplanted Texas
salt marshes by fish and decapod crustaceans.
Mar.Ecol.Prog.Ser. 90, 273-286.
Morrison, M A, Francis, M P, Hartill, B W, and
Parkinson, D M (2002). Diurnal and tidal
variation in the abundance of the fish fauna of
a temperate tidal mudflat. Est.Coast. Shelf Sci.
54, 793-807.
Naylor, R L, Goldburg, R J, Primavera, J H,
Kautsky, N, Beveridge, M C M, Clay, J, Folke,
C, Lubchenco, J, Mooney, H, and Troell, M
(2000). Effect of aquaculture on world fish
supplies. Nature 405, 1017-1024.
Odum, W E, Rozas, L P, and McIvor, C C (1988).
A comparison of fish and invertebrate
community composition in tidal freshwater
and oligohaline marsh systems. In: Hook, D
D, McKee, Jr. W H, Smith, H K, Gregory, J,
Burrell, Jr. V G, DeVoe, M R, Sojka, R E,
Gilbert, S, Banks, R, Stolzy, L H, Brooks, C,
Matthews, T D, and Shear, T H. The Ecology
and Management of Wetlands. Volume 1:
Ecology of Wetlands. pp.561-569. Portland,
Oregon, Timber Press.
Orth, R J, Heck, K L, and van Montfrans, J V
(1984). Faunal communities in seagrass beds: a
review of the influence of plant structure and
prey characteristics on predator-prey
relationships. Estuaries 7, 339-350.
Orth, R J, and van Montfrans, J (1990). Utilization
of marsh and seagrass habitats by early stages
of Callinectes sapidus: a latitudinal perspective.
Bull.Mar.Sci. 46, 126-144.
Peterson, C H, and Skilleter, G A (1994). Control
of foraging behavior of individuals within an
ecosystem context: the clam Macoma balthica,
flow environment, and siphon-cropping
fishes. Oecologia 100, 256-267.
Roberts, C M (1995). Rapid build-up of fish
biomass in a Caribbean marine reserve.
Conser.Biol. 9, 816-826.
Robertson, A I (1988). Abundance, diet and
predators of juvenile banana prawns, Penaeus
merguiensis, in a tropical mangrove estuary.
Aust.J.Mar.Freshw.Res. 39, 467-478.
Robertson, A I, Daniel, P A, and Dixon, P (1991).
Mangrove forest structure and productivity in
the Fly River estuary, Papua New Guinea.
Mar. Biol. 111, 147-155.
Robertson, A I, and Duke, N C (1987). Mangroves
as nursery sites: comparisons of the
abundance and species composition of fish
and crustaceans in mangroves and other
nearshore habitats in tropical Australia.
Mar.Biol. 96, 193-206.
Robbins, B D, and Bell, S S (1994). Seagrass
landscapes: a terrestrial approach to the
marine subtidal environment. TREE 9, 301-
304.
Rozas, L P, and Odum, W E (1987). The role of
submerged aquatic vegetation in influencing
the abundance of nekton on contiguous tidal
fresh-water marshes. J.Exp.Mar.Biol.Ecol. 114,
289-300.
Saunders, D A, Hobbs, R J, and Margules, C R
(1991). Biological consequences of ecosystem
fragmentation: a review. Conserv. Biol. 5, 18-32.
HABITAT MOSAICS AND MARINE RESERVES
249
Shaw, M, and Jenkins, G P (1992). Spatial
variation in feeding, prey distribution and
food limitation of juvenile flounder
Rhombsolea tapirina Gunther. J. Exp. Mar. Biol.
Ecol. 165, 1-21.
Skilleter, G A (1998). Ecology of Benthic
Invertebrates in Moreton Bay. In: Tibbetts, I R,
Hall, N J, and Dennison, W C. Moreton Bay
and Catchment. pp.365-394. Brisbane, School
of Marine Science, University of Queensland.
Sogard, S M, and Able, K W (1991). A comparison
of eelgrass, sea lettuce, macroalgae, and marsh
creeks as habitats for epibenthic fishes and
decapods. Est.Coast. Shelf Sci. 33, 501-520.
Stoner, A W (1982). The influence of benthic
macrophytes on the foraging behaviour of
pinfish, Lagodon rhomboides (Linnaeus).
J.Exp.Mar.Biol.Ecol. 58, 271-284.
Stoner, A W, and Lewis, F G (1985). The influence
of quantitative and qualitative aspects of
habitat complexity in tropical sea-grass
meadows. J.Exp.Mar.Biol.Ecol. 94, 19-40.
Summerson, H C, and Peterson, C H (1984). Role
of predation in organising benthic
communities of a temperate-zone seagrass
bed. Mar.Ecol.Prog.Ser. 15, 63-77.
Szedlmayer, S T, and Able, K W (1993). Ultrasonic
telemetry of age-0 summer flounder,
Paralichthys dentatus, movements in a southern
New Jersey estuary. Copeia 3, 728-736.
Ter Braak, C J F (1987). The analysis of vegetation-
environment relationships by canonical
correspondence analysis. Vegetatio 69, 69-77.
Thayer, G W, Colby, D R, and Hettler, Jr. W F
(1987). Utilization of the red mangrove prop
root habitat by fishes in South Florida.
Mar.Ecol.Prog.Ser. 35, 25-38.
Thomas, B E, and Connolly, R M (2001). Fish use
of subtropical saltmarshes in Queensland,
Australia: relationships with vegetation, water
depth and distance onto the marsh.
Mar.Ecol.Prog.Ser. 209, 275-288.
Turner, M G (1989). Landscape ecology: the effect
of pattern on process. Ann.Rev.Ecol.Syst. 20,
171-197.
Turner, M G, and Gardner, R H (1991).
Quantitative Methods in Landscape Ecology.
The Analysis and Interpretation of Landscape
Heterogeneity. New York, Springer-Verlag.
Valiela, I, Bowen, J L, and York, J K (2001).
Mangrove forests: one of the world's
threatened major tropical environments.
BioScience 51, 807-815.
Vance, D J, Haywood, M D E, Heales, D S,
Kenyon, R A, Loneragan, N R, and Pendrey, R
C (2002). Distribution of juvenile penaeid
prawns in mangrove forests in a tropical
Australian estuary, with particular reference
to Penaeus merguiensis. Mar.Ecol.Prog.Ser. 228,
165-177.
Vance, D J, Haywood, M D E, Heales, D S,
Kenyon, R A, Loneragan, N R, and Pendrey, R
C (1996). How far do prawns and fish move
into mangroves? Distribution of juvenile
banana prawns Penaeus merguiensis and fish in
a tropical mangrove forest in northern
Australia. Mar.Ecol.Prog.Ser. 131, 115-124.
Vince, S, Valiela, I, and Backus, N (1976).
Predation by the salt marsh killifish, Fundulus
heteroclitus (L.) in relation to prey size and
habitat structure: Consequences for prey
distribution and abundance. J. Exp. Mar. Biol.
Ecol. 23, 255-266.
Weisberg, S B, Whalen, R, and Lotrich, V A (1981).
Tidal and diurnal influence of food
consumption of a saltmarsh killifish Fundulus
heteroclitus. Mar.Biol. 61, 243-246.
Worthington, D G, Ferrell, D J, McNeill, S E, and
Bell, J D (1992). Growth of four species of
juvenile fish associated with the seagrass,
Zostera capricorni in Botany Bay, New South
Wales. Aust.J.Mar.Freshw.Res. 43, 1189-1198.
Zann, L P (1995). Our Sea, Our Future: Major
Findings of the State of the Marine
Environment Report for Australia. In:
Canberra: Department of Environment, Sport
and Territories.
